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Deregulation of Dorsoventral Patterning
by FGF Confers Trilineage Differentiation
Capacity on CNS Stem Cells In Vitro
A particularly clear inconsistency concerns the spatial
and lineal origins of astrocytes and oligodendrocytes.
In the spinal cord, for example, oligodendrocytes arise
from a highly restricted ventral progenitor domain (Prin-
gle and Richardson, 1993; Hall et al., 1996) that initially
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generates motoneurons (Novitch et al., 2001), whilePasadena, California 91125
astrocytes are generated from other, more dorsal re-3 Curis Pharmaceuticals, Inc.
gions (Lu et al., 2002; Zhou and Anderson, 2002; PringleCambridge, Massachusetts 02138
et al., 2003) that initially generate interneurons. This dif-
ference in fate depends on the expression of Olig2, a
basic-helix-loop-helix (bHLH) transcription factor that isSummary
necessary and sufficient for competence to generate
both motoneurons and oligodendrocytes (Mizuguchi etThe CNS is thought to develop from self-renewing
al., 2001; Novitch et al., 2001; Lu et al., 2002; Zhoustem cells that generate neurons, astrocytes, and oli-
and Anderson, 2002). Expression of Olig2 is spatiallygodendrocytes. Other data, however, have suggested
restricted to the pMN (motoneuron progenitor) domainthat astrocytes and oligodendrocytes are generated
from the earliest stages of neurogenesis, through thefrom separate progenitor populations. To reconcile
period when oligodendrocytes are generated (Lu et al.,these observations, we have prospectively isolated
2000; Takebayashi et al., 2000; Zhou et al., 2000). Theseprogenitors that do or do not express Olig2, an oligo-
data appear at odds with the idea that neurons,dendrocyte bHLH determination factor. Both Olig2
astrocytes, and oligodendrocytes are generated from aand Olig2 progenitors can behave as tripotential CNS
common stem cell located in the ventricular zone ofstem cells (CNS-SCs) in vitro. Growth in FGF-2 causes
the spinal cord (Kalyani et al., 1997; Rao and Mayer-induction of Olig2 in the former population, permitting
Proschel, 1997).oligodendrocyte differentiation; extinction of Olig2 in
How does one reconcile these apparently divergentthe latter cells permits astrocyte differentiation. The
concepts? One possibility is that Olig-expressing cellsinduction of Olig2 by FGF-2 is mediated, in part, via
are lineage-restricted progenitors and that other, Olig-endogenous Sonic Hedgehog. These data indicate
nonexpressing cells are the stem cells. Alternatively,that clonogenic competence to generate neurons,
Olig-expressing progenitors might change their proper-astrocytes, and oligodendrocytes reflects a deregula-
ties to behave as trifatent CNS-SCs in vitro. To distin-tion of dorsoventral patterning during expansion in
guish these possibilities, we have used mice expressingvitro, raising the question of whether such trifatent
green fluorescent protein (GFP) in the Olig2 expressioncells actually exist in vivo.
domain (Zhou and Anderson, 2002) to prospectively iso-
late Olig2-expressing and nonexpressing progenitorIntroduction
cells by fluorescence-activated cell sorting (FACS). We
find that both Olig2 and Olig2 progenitors are able toIntegrating stem cell biological and pattern formation
form neurospheres (Reynolds et al., 1992; Reynolds andviews of neural cell fate determination presents an im-
Weiss, 1992, 1996) and can behave in vitro as tripotential
portant conceptual challenge in developmental neurobi-
CNS-SCs (Uchida et al., 2000; Rietze et al., 2002). In the
ology (reviewed in Anderson, 2001). For example, a cen-
case of initially Olig2 cells, the acquisition of oligoden-
tral tenet of CNS stem cell biology is that the brain drocyte capacity is caused by an unexpected effect of
develops from a multipotent, self-renewing progenitor FGF-2, a mitogen commonly used to expand CNS-SCs,
that generates neurons, astrocytes, and oligodendro- to induce expression of Olig2. This induction is medi-
cytes, the three major cell types of the CNS (Davis and ated, at least in part, by endogenous Sonic Hedgehog
Temple, 1994; Morshead et al., 1994; Gritti et al., 1996; (Shh) and reflects a ventralization of positional identity.
Johe et al., 1996; Reynolds and Weiss, 1996; Palmer et Conversely, the ability of initially Olig2 cells to generate
al., 1997; reviewed in Gage, 2000; Temple, 2000; Sea- astrocytes in vitro reflects the extinction of Olig2 expres-
berg and van der Kooy, 2003). However, such trifatent sion. These data indicate that competence to clonogeni-
progenitors have been identified exclusively in vitro. By cally generate neurons, astrocytes, and oligodendro-
contrast, in vivo studies of pattern formation in the spinal cytes, an identifying hallmark of CNS-SCs, reflects a
cord have revealed that different subclasses of neurons deregulation of dorsoventral patterning caused by
and glia are generated from distinct progenitor domains, expansion in FGF-2, raising the question of whether
each expressing a specific combination of homeodo- such trifatent cells exist in vivo.
main transcription factors (Briscoe et al., 2000; reviewed
in Jessell, 2000). Until recently, there has been little Results
interest in or effort directed toward reconciling these
contrasting perspectives (Anderson, 2001). Olig2-Expressing Cells Are Neurosphere-Forming
Cells In Vitro
CNS stem cells (CNS-SCs) have been defined by their*Correspondence: wuwei@caltech.edu
4 These authors contributed equally to this work. ability, in vitro, to generate neurospheres, floating aggre-
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gates of proliferating cells that can differentiate to neu- tained at least some Olig2 cells and that most of these
rons, astrocytes, and oligodendrocytes (Reynolds et al., secondary spheres contained a high proportion of
1992; Reynolds and Weiss, 1992, 1996; Gritti et al., 1996). Olig2 cells (data not shown).
Thus, neurosphere-forming cells are operationally To determine the differentiation capacity of the neu-
equated with CNS-SC (Morshead et al., 1994), and the rospheres derived from Olig2cells, we plated individual
neurosphere assay has been widely used to assay and neurospheres on polyornithine-coated tissue culture
isolate rodent and human CNS-SC from fetal and adult dishes and withdrew mitogens (FGF and EGF) from the
neural tissue (Doetsch et al., 1999; Johansson et al., culture medium. After 10 days to allow differentiation,
1999; Uchida et al., 2000; Rietze et al., 2001). the cultures were fixed and triply labeled with antibodies
We therefore sought to determine whether cells that to neuron-specific III tubulin (TuJ1), Glial Fibrillary
express Olig2 in vivo can form neurospheres. To pro- Acidic protein (GFAP), and ganglioside O4 to detect
spectively isolate Olig2-expressing cells from the spinal neurons, astrocytes, and oligodendrocytes, respec-
cord, we used a previously described line of mice in tively. All three differentiated cell types could be de-
which a histone-EGFP (hEGFP) fusion protein is ex- tected in many colonies derived from individual Olig2-
pressed from the Olig2 ATG, replacing the Olig2 coding hEGFP neurospheres (Figures 3E–3H, GFP colony).
sequence (Zhou and Anderson, 2002). Olig2-hEGFP is Subcloning experiments indicated that the progeny of
first detected in the spinal cord at E9.5, at which stage Olig2 neurospheres were also able to produce tripotent
it marks motoneuron precursors (Novitch et al., 2001; secondary neurospheres (not shown). By these criteria,
Zhou and Anderson, 2002). Beginning on E12–E12.5, therefore, at least some cells that express Olig2 in vivo
Olig2 is expressed in ventricular zone progenitors of behave as CNS-SCs in vitro.
oligodendrocytes and persists in PDGFR- oligoden-
drocytes precursors as they migrate into the gray matter Induction of Olig2 Expression Occurs
(Figure 1C; Zhou et al., 2000). during Neurosphere Expansion
As we wished to focus on the generation of astrocytes We next wished to determine, conversely, whether cells
and oligodendrocytes, we isolated Olig2-hEGFP- that did not express Olig2 in vivo could also form tripo-
expressing progenitors from the E13.5 spinal cord, by tent neurospheres in vitro, and if so whether this behav-
which time the Olig domain is generating glia and no ior was positively correlated with the induction of Olig2
longer producing neurons in vivo (Zhou and Anderson, expression. To this end, we manually dissected the dor-
2002). At this stage, the majority of Olig2-hEGFP cells sal half of E13.5 spinal cords from Olig2-hEGFP/ em-
are located in the ventricular zone (VZ); however, a sub- bryos and used preparative FACS to exclude any con-
set (15%) has already begun to migrate into the gray taminating GFP cells (Figure 1A, R1). Staining of freshly
matter as oligodendrocyte precursors and expresses isolated GFP cells with anti-GFP antibody confirmed
PDGFR- (Figure 1C; Zhou and Anderson, 2002). In early that 96% of the cells were GFP-negative (Figure 1B,
experiments, these double-positive cells were elimi- R1). These dorsal cells formed clonal neurospheres at
nated during preparative FACS to ensure that only the rate of 1%, similar to frequencies reported earlier
Olig2, PDGFR- cells from the VZ were isolated. How-
from unfractionated embryonic brain tissue (Reynolds
ever, identical results to those described below were
and Weiss, 1996).
also obtained from the bulk Olig2-hEGFP population.
Strikingly, when these neurospheres were stainedWhen the spinal cord was dissected into dorsal and
with anti-GFP antibody, a very high proportion (80%)ventral halves, virtually all the Olig2-GFP cells were
contained at least some Olig2 cells (Figures 2B andpresent in the ventral half (Figure 1A, R2 versus R1).
2C, GFP). Within individual spheres, however, a muchCytospin analysis of freshly sorted GFP cells stained
smaller fraction of cells were Olig2-hEGFP (18.5%)with anti-GFP antibody indicated that 98% of the iso-
than within spheres derived from initially Olig2 cellslated cells were GFP (Figure 1B, R2 and data not
(Figure 2D, white bar, *p  0.05). It is unlikely that all ofshown). To ensure clonality, individual GFP cells were
the GFP neurospheres that develop from the GFPsorted into wells of a 96-well plate containing serum-
population are derived from contaminating GFP cells.free medium (DMEM:F12::1:1 plus Bottenstein-Sato de-
Since the rate of contamination is4%, such cells wouldrivatives) and 20 ng/ml FGF-2 plus 10 ng/ml EGF as
have to form neurospheres with an efficiency of 25% tomitogens. After 9–10 days, the plates were inspected
account for the 1% efficiency of neurosphere formationfor the formation of neurospheres.
by the GFP population. But this efficiency is 10-foldOlig2-hEGFP cells indeed formed neurospheres, at
higher than that actually measured for deliberately iso-a rate of2.4% (approximately 1 in 40). Staining of these
lated GFP cells. These data, therefore, suggest thatneurospheres with antibody to GFP indicated that all
dorsal Olig2 cells, like Olig2 cells, can form neuro-such spheres contained Olig2-expressing cells (Figures
spheres in vitro and that at least some of their progeny2A and 2C) and that within each neurosphere most
turn on expression of Olig2 under these culture condi-(64%), but not all, cells were GFP (Figure 2D). The fact
tions.that these neurospheres were clonally derived indicates
To determine whether the neurospheres formed fromthat the presence of some Olig2-hEGFP cells in these
dorsal cells continued to express markers of dorsal posi-spheres is not due to contamination by Olig2 cells at
tional identity in vitro, we sorted -galactosidase cellsthe time of plating; rather, some of the progeny of initially
from a transgenic mouse line in which a lacZ reporterOlig2 cells extinguished Olig2 expression during the
is expressed from the Pax3 locus (Mansouri et al., 2001).culture period. Subcloning of Olig2 neurospheres,
however, revealed that all of the progeny spheres con- Pax3 is expressed by dorsal VZ cells from E9 onward,
Olig2 Is Deregulated in CNS Stem Cell Cultures
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Figure 1. Prospective Isolation of Olig2 and Olig2 Cells from Embryonic Spinal Cord
(A) FACS pattern of dissociated E13.5 spinal cord cells gated on GFP fluorescence and viability (7AAD). Olig2-GFP and Olig2-GFP were
sorted from the R1 and R2 regions of dorsal and ventral halves of the spinal cord, respectively.
(B) Staining of freshly isolated cells from regions R1 and R2 with anti-GFP antibody and the nuclear marker Topro-3.
(C) Section through E13.5 spinal cord of a heterozygous Olig2-hEGFP heterozygous embryo, showing expression in the oligodendrocyte
precursor focus of the ventral ventricular zone. The outline of the spinal cord is drawn on the figure for reference. A few cells are already
migrating into the gray matter at this stage but can be eliminated by labeling for PDGFR- and gating out GFP, PDGFR- cells during FACS
(not shown).
and its expression does not overlap that of Olig2 in firm that progenitor cells derived from the dorsal spinal
cord VZ, which do not express Olig2 in vivo, lose dorsalvivo at any time (see Supplemental Figure S2B at http://
www.neuron.org/cgi/content/full/40/3/485/DC1 and data markers and express Olig2 in vitro.
To assess the differentiation potential of dorsally de-not shown). Using the FACS-gal substrate, -gal cells
were prospectively sorted from the spinal cord of E12 rived neurospheres, spheres derived from the Olig2-
hEGFP fraction were plated on an adherent substratePax3-lacZ transgenic embryos, and single cells were
deposited into 96-well plates. Although many cells were in the absence of mitogens. After 10 days, triple labeling
for TuJ1, GFAP, and O4 revealed the presence of neu-clearly lacZ at the time of isolation (not shown), none of
the spheres that grew out of this population expressed rons, astrocytes, and oligodendrocytes (Figure 3D).
However, the frequency of oligodendrocyte differentia-Pax3-lacZ (Figure 3E). However, these spheres did con-
tain a subpopulation of Olig2 cells as detected with tion was 3-fold lower in the dorsally derived neurosphere
cultures, consistent with the lower percentage of Olig2anti-Olig2 antibody (Figure 3H), similar to spheres de-
rived from the dorsal spinal cord of Olig2-GFP embryos. cells in these spheres (Figures 3I–3K). Thus, dorsally
derived initially Olig2 progenitors, like their ventralIn a complementary experiment, GFP cells sorted from
embryos containing both Olig2-GFP and Pax3-lacZ Olig2 counterparts, are able to form tripotential neu-
rospheres in vitro. The acquisition of such trilineagetransgenes did not acquire Pax3 expression during
expansion as neurospheres (Figure 2F). These data con- differentiation capacity is correlated with the acquisition
Neuron
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Figure 2. Olig2 Expression Is Lost and Ac-
quired during Growth of Neurospheres In
Vitro
(A and B) Neurospheres derived from individ-
ual isolated Olig2 (A) and Olig2 (B) founder
cells were clonally grown for 9–10 days in the
presence of FGF (20 ng/ml) plus EGF (10 ng/
ml). Representative spheres were fixed and
stained with anti-GFP antibody.
(C) Quantification of the proportion of spheres
derived from Olig2-GFP or Olig2-GFP
founder cells that contain any GFP cells.
(D) Quantification of the proportion of GFP
cells within spheres. *p  0.05.
(E and H) -galactosidase dorsal progeni-
tors from the E12 spinal cord of Pax3-lacZ
transgenic embryos were allowed to form
clonal neurospheres and then stained with X-
gal (E) or anti-Olig2 antibody (H).
(F and I) Neurospheres were grown clonally
from GFP cells FACS-isolated from E13.5
embryos carrying Olig2-GFP and Pax3-lacZ
reporters. Note the absence of lacZ cells.
(G and J) Positive-control neurospheres
grown from dorsal progenitors from E14
Olig2-GFP, Olig1-lacZ spinal cord express
both Olig2-GFP and Olig1-lacZ.
and extinction of Olig2 expression by dorsally and ven- progenitors that had been expanded in FGF and then
allowed to differentiate for 24 hr, none of the GFAP,trally derived neurospheres, respectively. These results
in spinal cord were independently confirmed with similar morphologically immature astrocyte precursors ex-
pressed endogenous Olig2 (Figure 4D, yellow arrows);preparations isolated from dorsal and ventral telenceph-
alon (data not shown). conversely, none of the Olig2 cells were GFAP (Figure
4D, white arrows). These data suggested that astrocyte
differentiation is negatively correlated with Olig2 expres-Downregulation of Olig2 Is Required
sion in vitro as in vivo.for Astrocyte Differentiation
This negative correlation raised the question ofWe next investigated whether the differentiation of
whether Olig genes play a causal role in inhibitingastrocytes in cultures derived from ventral (Olig2) pro-
astrocyte differentiation. We therefore asked whethergenitors was due to the extinction of Olig2 expression
forced expression of Olig2 was sufficient to inhibitin some of these cells. In cultures derived from ventral,
astrocyte differentiation in progenitor cultures. To doOlig2-hEGFP neurospheres, most differentiating
this, we cotransfected monolayer cultures of E14.5 ratGFAP cells did not express (or expressed only weakly)
cortical or spinal cord progenitors grown in FGF withthe Olig2-hEGFP reporter (Figures 4A–4C, yellow
arrows). Similarly, in adherent cultures of rat spinal cord plasmids encoding a myc-tagged version of mouse
Olig2 Is Deregulated in CNS Stem Cell Cultures
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Figure 3. Neurospheres Derived from Both Olig2 and Olig2 Cells Are Tripotential In Vitro
(A–H) Neurospheres derived from dorsal Olig2 (A–D) and ventral Olig2 (E–H) cells were plated on an adherent substrate in the absence of
mitogens and allowed to differentiate for 10 days. Differentiation of oligodendrocytes, astrocytes, and neurons was detected by expression
of O4 (A and E), GFAP (B and F), and III tubulin (C and G), respectively; overlay shown in (D) and (H).
(I–K) Similar-sized neurospheres of dorsal Olig2 (I) and ventral Olig2 (J) origin were selected and allowed to differentiate for 5 days, then
stained for O4 (I and J, red) and DAPI (blue). (K) Quantification of the average number of oligodendrocytes per differentiated colony of Olig2
or Olig2 origin. *p  0.05.
Olig2 (mOlig2) together with a reporter plasmid encoding repressor (Novitch et al., 2001; Zhou et al., 2001). Simi-
larly, a fusion of the Engrailed repressor domain witha membrane bound form of GFP (to allow identification
of transfected cells). Twenty-four hours after transfec- the chick Olig2 bHLH domain was able to repress GFAP
expression almost as efficiently as did intact Olig2 (Fig-tion, FGF was withdrawn and the cells were allowed
to differentiate. Under these conditions, an average of ure 4F, cOlig2-EN versus cOlig2). Conversely, no repres-
sion of GFAP was observed using an Olig2-VP16 fusion,71% 8% of control-transfected cells expressed GFAP
after 48 hr (Figures 4E, Control, and 4H). However, only which should behave as an activator (Figure 4F). These
data suggest that Olig2 acts as a transcriptional repres-13%  4% of cells transfected with mouse Olig2 ex-
pressed GFAP after this time (Figures 4E, mOlig2, and sor of Gfap expression in differentiating CNS progeni-
tors. Other bHLH factors, such as Ngn2, have been4G). Similarly, only 16% 3% of chick Olig2-transfected
cells and 22%  3% of mouse Olig1-transfected cells shown to inhibit Gfap expression by a DNA binding-
independent mechanism (Sun et al., 2001). However, anexpressed GFAP (Figure 4E; p  0.05 in comparison
to controls). Olig2 mutant deleted for the DNA binding basic region
was unable to repress GFAP expression (Figure 4F,These data indicated that Olig2 is sufficient to prevent
astrocyte differentiation in CNS progenitors. Previous cOlig2-DBM), indicating that Olig2 indeed acts as a tran-
scriptional repressor to inhibit astrocyte differentiation.studies using Engrailed repressor domain fusions have
suggested that Olig2 promotes motoneuron and oligo- Taken together, these data indicate that forced expres-
sion of Olig2 inhibits astrocyte differentiation. This indendrocyte differentiation by acting as a transcriptional
Neuron
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Figure 4. Olig Genes Suppress Astrocyte Differentiation
(A–C) Astrocytes differentiate from clonal neurospheres derived from GFP founder cells isolated from Olig2-GFP mice. The population that
maintains high GFP expression (B, small white arrows) is mutually exclusive of the population that differentiates into astrocytes (A and C,
large yellow arrows).
(D) Olig2 (white arrows) is never expressed, even at the earliest stages of astrocyte differentiation (yellow arrows), in E14.5 rat progenitor cells
grown for 24 hr in vitro.
(E and F) E13.5 rat cortical progenitor cells were transfected with a GFP plasmid together with a control plasmid (Control) or with a plasmid
expressing one of the indicated Olig genes (E; m, mouse; c, chick) or different mutant forms of cOlig2 (F). In both (E) and (F), the percentage
of transfected (GFP) cells expressing GFAP was scored 72 hr posttransfection.
(G and H) Double immunostaining for GFP (green) and GFAP (red) in cells transfected with cOlig2 (G) or Control (H) plasmids. Note in (G) that
the GFP cells (arrows) are GFAP.
turn suggests that astrocyte differentiation in cultures in dorsally derived cells. One possibility is that the local
environment of the dorsal neural tube is nonpermissivederived from Olig2-GFP neurospheres requires Olig2
downregulation (Figures 4A–4D). for Olig2 expression. In that case, simply removing the
cells from this environment might be sufficient to allow
induction of Olig2. Another possibility is that the highDorsal Progenitor Cells Acquire Olig2 Expression
and Oligodendrocyte Competence Only after levels of mitogens used for in vitro expansion of CNS-
SCs might promote, directly or indirectly, ventralizationExposure to FGF In Vitro
The foregoing data indicated that the tripotency of CNS of dorsal cells. For example, when avian neural tube cells
are cultured in mitogen-free medium, oligodendrocytesstem cells in vitro is associated with a deregulation of
Olig2 expression. To begin to understand the mecha- only differentiate from cells of ventral origin and never
from cells of dorsal origin (Pringle et al., 1998).nisms that cause such deregulation, we first investi-
gated how and why Olig2 expression becomes induced In order to address this question, it was necessary to
Olig2 Is Deregulated in CNS Stem Cell Cultures
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examine the expression of Olig2 in dorsal progenitor oligodendrocyte differentiation potential. When dNT
cultures grown in the presence versus the absence of cells were first grown in 20 ng/ml FGF-2 for 5 days prior
mitogens. This precluded the use of neurosphere cul- to being switched to differentiation-promoting condi-
tures, because formation of neurospheres is absolutely tions, they generated oligodendrocytes (Figure 5C, dNT,
dependent on mitogens (L.G. and D.J.A., unpublished blue bar; Figure 5D, dNT/FGF) in numbers comparable
observations). Therefore, we employed monolayer cul- to those in vNT cultures (Figure 5C, vNT, blue bar; Figure
tures of spinal cord progenitors (e.g., Johe et al., 1996; 5D, vNT/FGF). Dose-response experiments indicated
Palmer et al., 1997), which can survive for several days that 0.2 ng/ml FGF was sufficient to cause an increase
in the absence of mitogens. Because this survival is in the proportion of Olig2 cells (10% Olig2 cells, p
much better for rat (70% survival after 3 days) than 0.05), but concentrations of 0.02 ng/ml or lower did not
mouse (10% survival after 3 days) cells, we used the have any effect (Figure 5E, blue bars; p  0.1). The
former species for these experiments. threshold concentration of FGF required to induce Olig2
Immunostaining of cultures derived from E14.5 rat expression was similar to that required to enhance pro-
dorsal neural tube (dNT) confirmed that this population liferation (Figure 5E, cf. blue versus gray bars). Olig2
contained virtually no Olig2 cells (0.01%  0.008% cells were always found within the BrdU-positive FGF-
Olig2 cells). After 3 or 5 days of culture in the absence responsive population, although not all proliferating
of mitogens, this population still contained no Olig2 cells became Olig2 (Figures 5E and 5F, FGF). Notably,
cells (Figure 5A, dNT, black bars; Figure 5B, dNT/no the few cells that incorporated BrdU even in the absence
mitogens). By contrast, ventral neural tube (vNT) progen- of FGF (5%) never expressed Olig2 (Figures 5E and
itors contained a significant proportion of Olig2 cells 5F, No GF). This suggests that proliferation by itself is
after 3 days (11%  5%) and 5 days (18%  7%) in the insufficient to bring about induction of Olig2 expression.
absence of mitogens (Figure 5A, vNT, black bars; Figure Consistent with this idea, EGF, which also acts as a
5B, vNT/no mitogens), indicating that such cells can mitogen (albeit a less effective one than FGF) for E14.5
survive under these conditions. To further confirm that dorsal spinal cord progenitors, did not bring about any
the dorsal population was not giving rise to Olig2 cells significant induction of Olig2 expression (Figure 5E,
that rapidly died, we carried out the same experiment EGF, gray bar; Figure 5F, EGF; 1% of cells Olig2;
in the presence of a caspase inhibitor (zVAD-fmk) to 4.9%  0.5% of cells BrdU).
suppress cell death. Under these conditions, there were
fewer than 20% TUNEL-positive cells after 3 days, but FGF-2 Promotes Ventralization of Dorsal
still no Olig2 cells in the dorsal cultures. These data Progenitor Cells
suggested that Olig2 is not induced simply by removing The induction of Olig2 and acquisition of oligodendro-
dorsal cells from their normal in vivo environment. Analy- cyte potential both suggest that dorsal cells acquire a
sis of differentiation markers in these cultures revealed ventral identity in the presence of FGF. Another interpre-
that dNT cells differentiated to neurons and astrocytes tation, however, is that in the presence of FGF, the cells
(see Supplemental Figures S1A and S1B at http:// simply lose all positional identity and revert to a more
www.neuron.org/cgi/content/full/40/3/485/DC1) but not
primitive, unpatterned state that is nevertheless permis-
to oligodendrocytes (Figure 5C, dNT, black bars; Figure
sive for Olig2 expression. To distinguish these possibili-
5D, dNT/no mitogens), even after 2 weeks. Thus, dNT
ties, we examined the expression of several other mark-
cells differentiated in vitro as they would in vivo. By
ers of ventral spinal cord progenitors, including Nkx2.2,
contrast, vNT progenitor cells grown under the same
Nkx6.1, and HNF3 (a floorplate marker), none of whichconditions generated oligodendrocytes (Figure 5C,
are expressed in dorsal cultures in the absence of FGF.vNT, black bar; Figure 5D, vNT/no mitogens), as well as
After culture of dNT-derived cells in FGF, Nkx2.2 expres-neurons and astrocytes (Supplemental Figures S1C
sion was detected in both Olig2 cells (Supplementaland S1D).
Figure S3A at http://www.neuron.org/cgi/content/full/In contrast to the results in mitogen-free medium, in
40/3/485/DC1, arrow, 22%  7% of cells Nkx2.2) andthe presence of 20 ng/ml FGF-2, a significant proportion
Olig2 cells (Supplemental Figure S3A, arrowhead,of dNT cells expressed Olig2 after 3 days (20%  4%,
26%  7% of Nkx2.2 cells). Expression of Nkx6.1 wasp  0.05) or 5 days (54%  6%, p  0.01) (Figure 5A,
not detected in these cultures. However, at this stagedNT, blue bars; Figure 5B, dNT/FGF). By day 5, the
in vivo, expression of Olig2 in the ventricular zone isproportion of Olig2 cells in the dNT cultures ap-
largely dorsal to and nonoverlapping with that of Nkx6.1proached that in control vNT cultures grown in FGF
(Supplemental Figure S2C). HNF3 expression was not(73%  7%; Figure 5A, vNT, blue bars; Figure 5B, vNT/
detected in FGF-treated dorsal cultures, either by anti-FGF). The appearance of Olig2 cells in dNT cultures
body staining or by RT-PCR.grown in FGF-2 cannot be explained by rapid expansion
To obtain further evidence that FGF promotes ventrali-of rare contaminating Olig2 cells in the starting popula-
zation of dNT cells, we examined the expression of Olig2tion, because in parallel vNT cultures, the Olig2 cells
in relation to that of the dorsal marker Pax7 (Briscoe etexpanded only 5-fold during the first 3 days of growth
al., 2000). At E14.5, the domain of Pax7 expression isin FGF-2 (increase from 10% 3% in the starting popu-
well separated from that of Olig2 in vivo (Supplementallation to 49%  6% after 3 days). Since the fraction of
Figure S2A). By contrast, in vitro the first Olig2 cells tocontaminating Olig2cells in dNT cultures is only 0.01%,
appear in FGF-treated dNT cultures coexpressed Pax7these cells would need to expand more than 20,000-
(85%  12%; Figure 5G, yellow squares; Figure 5H, leftfold in order to account for the number of Olig2 cells
panel). With time, however, the Olig2 cells graduallyfound in such cultures after 3 days in FGF-2.
lost Pax7 expression (Figures 5G and 5H, middle andThe induction of Olig2 expression in rat dorsal progen-
itor cultures was accompanied by the acquisition of right). These data suggest that dNT cells become gradu-
Neuron
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Figure 5. Dorsal Spinal Cord Cells Acquire Olig2 Expression and Oligodendrocyte Potential Only after Exposure to High Levels of FGF
(A) E14.5 dorsal and ventral neural tube (dNT and vNT, respectively) cells were plated for 3 or 5 days in the presence (blue bars) or absence
(black bars) of 20 ng/ml bFGF and then scored for the proportion of Olig2 cells.
(B) Cultures as in (A) immunostained for Olig2 (red) and counterstained with DAPI (blue).
(C) E14.5 neural tube cells were plated for 3 or 5 days in the presence (blue bars) or absence (black bars) of 20 ng/ml bFGF. The culture
medium was then replaced with mitogen-free medium for 5 days to allow differentiation, and cells were scored for the expression of the
oligodendrocyte marker O4.
(D) Cultures described in (C) immunostained for O4 (red) and counterstained with the nuclear dye DAPI (blue). Both dNT and vNT cultures
produced both neurons and astrocytes whether or not they were pre-incubated in FGF (see Supplemental Figure S1).
(E) E14.5 dorsal neural tube cells were plated for 3 days in various concentrations of FGF or in 20 ng/ml EGF, labeled with BrdU, and then
Olig2 Is Deregulated in CNS Stem Cell Cultures
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ally ventralized in FGF-2 and provide more direct evi- tion of Olig2 cells to an even lesser extent (0.6-fold;
Figures 6E and 6F). Thus, the 3.6-fold reduction in thedence that the appearance of Olig2 cells in these cul-
tures reflects a conversion of dorsal cells, rather than a percentage of Olig2 cells cannot be explained by a
reduced proliferation of these cells. Furthermore, TU-selective expansion of contaminating Olig2 ventral
cells. NEL labeling indicated that the extent of apoptosis was
low (8%–12% of cells) and not different in the presenceBecause our dorsal spinal cord cultures were pre-
pared from cell suspensions containing both ventricular or absence of the antagonist, arguing that the reduction
of Olig2 cells caused by the drug is not due to selectivezone- and mantle zone-derived cells, it was possible
that all of the Olig2-expressing cells in these cultures killing of these cells. The Shh antagonist also caused a
50% reduction in the proportion of dorsally derivedderived from ventrally derived, migrating oligodendro-
cyte precursors present in dorsal gray matter. However, (Olig2) cells that formed Olig2-GFP neurospheres
(Figure 7A), without altering the total number of spheresonly a small percentage (10%  6%) of the Olig2 cells
in FGF-2-treated dorsal cultures expressed Sox10 (Sup- generated from the population (Figure 7C).
These data suggested that FGF acts, at least in part,plemental Figure S3B at http://www.neuron.org/cgi/
content/full/40/3/485/DC1), a marker of such precursors through a Shh-dependent mechanism. Consistent with
this idea, a synthetic Shh agonist (Curis, Inc., Hh-Ag567;(Zhou et al., 2000, 2001). Furthermore,85% of dorsally
derived Olig2 cells coexpressed nestin, a marker of VZ Frank-Kamenetsky et al., 2002) augmented the propor-
tion of Olig2 cells in dNT cultures grown in 0.2 ng/mlprogenitor cells (Supplemental Figure S3C; Lendahl et
al., 1990) that is rapidly extinguished in migrating oligo- FGF (Figure 6A; p  0.05), as well as the proportion of
Olig2 neurospheres in 5 ng/ml FGF (Figure 7B). Thedendrocyte precursors (data not shown). These data
support the idea that the Olig2 cells in dNT cultures effects of the Shh agonist were not due simply to prolifer-
ation of Olig2 cells, since the fold-increase in the num-are derived from the dorsal ventricular zone and not
from ventrally derived oligo precursors. ber of these cells is much greater than the enhancement
of BrdU incorporation, in the monolayer cultures (Fig-
ures 6A and 6B). Furthermore, the agonist induced Olig2FGF-Induced Ventralization Involves Endogenous
Sonic Hedgehog in many cells that were BrdU (Figure 6D, arrow). Finally,
TUNEL assays indicated that 10% of cells were dyingWe next sought to investigate how and why culture
in FGF promotes ventralization of dorsal spinal cord in the presence or absence of the agonist, arguing that
the increase in Olig2 cells reflects true induction andprogenitors. In the developing neural tube in vivo, the
expression of ventral identity genes such as Olig2 and not suppression of apoptosis. Interestingly, at high con-
centrations of FGF (20 ng/ml), the Shh agonist had noNkx2.2 depends on sonic hedgehog (Shh) (Briscoe et
al., 1999, 2000; reviewed in Jessell, 2000; Lu et al., 2000; effect (data not shown), suggesting that induction of
Olig2 by FGF in these cultures is saturable and providingIngham and McMahon, 2001; Wijgerde et al., 2002). We
therefore asked whether the effect of FGF to ventralize further evidence that FGF and Shh act by at least par-
tially overlapping pathways.dNT cultures might be mediated through endogenous
Shh. RT-PCR experiments indicated that FGF induced
expression of Shh mRNA 7- to 10-fold in dNT cultures Discussion
within 24 hr (Figure 6G; 7.7-fold  3.2-fold increase in
three experiments). By contrast, culture of ventral cells Since the original descriptions of CNS stem cells iso-
lated from the embryonic and adult brain (Davis andin FGF caused only a 1.4-fold  0.1-fold increase in
transcript levels. The induction of Shh mRNA in ventral Temple, 1994; Kilpatrick and Bartlett, 1995; Gritti et al.,
1996; Johe et al., 1996; Weiss et al., 1996; Palmer et al.,cultures was accompanied by activation of Shh signal-
ing, as measured by induction of the Shh target gene 1997), a major unresolved issue has been to identify
their cell of origin in vivo (Doetsch et al., 1999; JohanssonPTC after 48 hr (Figure 6H). We were unable to identify
the Shh-expressing cells in these FGF-treated cultures et al., 1999). The results presented here indicate that
tripotent neurosphere-initiating cells (Uchida et al.,due to a lack of adequate immune reagents.
To determine whether endogenous Shh might medi- 2000) isolated from embryonic CNS tissue can be de-
rived from several different classes of prospectively sep-ate the ventralizing effects of FGF, we employed a syn-
thetic small-molecule Shh antagonist (Curis, Inc., Hh- arable, fate-restricted progenitors that normally do not
generate all three major CNS derivatives in vivo. TheseAntag691; Williams et al., 2003). At 0.2 ng/ml FGF, the
antagonist at 50 nM caused a 3.6-fold reduction in the progenitors acquire their expanded differentiation rep-
ertoire as a consequence of growth in FGF-2. The use ofproportion of Olig2 cells, from 7.2% 1.7% to 1.9%
0.9% (p 0.05; Figure 6A, yellow versus blue bar). Inter- the neurosphere-forming assay to prospectively isolate
(Uchida et al., 2000; Rietze et al., 2001, 2002) and quan-estingly, the antagonist inhibited the overall proliferative
effect of FGF to a much smaller extent (1.7-fold; Figure tify (Morshead et al., 1994) CNS-SCs has been predi-
cated on the assumption that the CNS-SC pre-exists as6B, blue versus yellow bars) and reduced the prolifera-
scored for expression of Olig2 (blue bars) and for incorporation of BrdU (gray bars).
(F) Cultures described in (E) double-immunostained for Olig2 (green) and BrdU (red). All Olig2 cells are BrdU in FGF.
(G) dNT cells cultured for various times in the presence of 20 ng/ml FGF and scored for the proportion of cells that express Olig2 (red triangles)
and for the proportion of Olig2 cells that co-express Pax7 (yellow triangles).
(H) Cultures described in (G) double-immunostained for Olig2 (red) and Pax7 (green).
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Figure 6. The Effects of FGF to Ventralize
Dorsal Progenitors Are Mediated in Part by
Shh
(A and B) E14.5 neural tube cells were plated
for 3 days together with Shh agonist (200 nM;
black bars), with Shh antagonist (50 nM, pale
yellow bars), or with a DMSO diluent control
(blue bars) in the presence or absence of 0.2
ng/ml bFGF, and then scored for Olig2 ex-
pression (A) or for BrdU incorporation (B).
(C–F) Cultures from (A) and (B) double immu-
nostained for BrdU (red) and Olig2 (green).
Note that the Shh agonist induces Olig2 in
some cells without promoting proliferation
(D, arrows).
(G and H) RT-PCR to assess transcription of
Shh and PTC mRNAs in E14.5 dorsal or ven-
tral neural tube cells either directly after isola-
tion (“acute”) or after 24 hr (G) or 48 hr (H) in
culture in the presence () or absence () of
0.2 ng/ml bFGF. Quantification indicated a
10-fold increase in Shh transcript levels in
dorsal cells versus a 1.3-fold increase in ven-
tral cells relative to the starting population.
a unitary entity in vivo, and therefore that the isolation shown that these cells can also derive from more rapidly
dividing “type C,” or “transit-amplifying” cells (Doetschof cells with these properties simply reflects their suc-
cessful separation from other, contaminating non-CNS- et al., 2002). Thus, cells that are different in vivo from
presumptive stem cells, at least with respect to prolifera-SC cell types. However, if the properties of the CNS-SC
are actually created by the culture conditions that are tion rate, can form neurospheres in vitro. Other data
have suggested that extensive culturing of oligodendro-used to assay them, then this assumption is no longer
valid. While our results certainly do not exclude the pos- cyte precursors (OLPs) from rat optic nerve, which are
assumed to be committed to a glial fate, can cause themsible existence of a progenitor that clonogenically gen-
erates neurons, astrocytes, and oligodendrocytes in to acquire neurosphere-forming ability (Kondo and Raff,
2000). However, this reprogramming has been attributedvivo, they indicate that the in vitro assays used to isolate
these cells can no longer be taken as an indication that to the influence of BMPs or fetal calf serum, since direct
plating of OLPs into serum-free, FGF-containing me-such trifatent cells necessarily exist in vivo.
dium does not result in the production of multipotent
neurospheres (Kondo and Raff, 2000; but see Shihabud-Fate versus Potential of CNS Progenitor Cells
The neurosphere-formation assay (Reynolds and Weiss, din et al., 2000). Here we have shown that FGF, a mitogen
routinely used to expand CNS progenitors in both sus-1992) has been used for over a decade to identify, iso-
late, and measure (indirectly) the number of CNS-SCs pension and attached monolayer cultures, alters the de-
velopmental competence of these progenitors bypresent in various regions of the brain or under different
experimental conditions. Previous studies have hinted changing their dorsoventral identity. Consequently, pro-
genitors that in vivo would produce either neurons andthat not all neurosphere-forming cells are necessarily
“stem cells” in vivo. For example, it has been argued astrocytes or neurons and oligodendrocytes (but not
both) in vitro generate all three CNS cell classes (Fig-that neurosphere-forming cells derive from relatively
quiescent stem cells in the adult subventricular zone ure 8A).
Earlier studies have demonstrated that progenitors in(SVZ) (Morshead et al., 1994), but recent studies have
Olig2 Is Deregulated in CNS Stem Cell Cultures
495
Figure 7. Regulation of Olig2 Expression by
Endogenous and Exogenous Shh Signaling
during Neurosphere Formation
Neurospheres from dorsal, Olig2-GFP cells
were cultured clonally in the presence of Shh
antagonist (5 nM) in 20 ng/ml FGF (A and C)
or in the presence of Shh agonist (20 nM) in
5 ng/ml FGF (B and D). The proportion of
neurospheres containing any GFP cells was
scored (A and B), as was the total number of
neurospheres generated (C and D). Note that
the percentage of GFP neurospheres is re-
duced by 50% in the presence of Shh an-
tagonist, indicating that the induction of
Olig2-GFP in these cultures is dependent in
part on endogenous Shh. *p  0.05.
both the dorsal and ventral spinal cord can generate regions to generate all three fates (for a discussion of
the difference between “competence” and “potential,”neurons, astrocytes, and oligodendrocytes after expan-
sion in vitro (Chandran et al., 1998). To the extent that see Cepko et al., 1996). The present and earlier results
(Lu et al., 2002; Zhou and Anderson, 2002) indicate thatCNS-SCs are defined by their “potential,” these and the
present results are not inconsistent with the idea that expression of Olig2 is required for competence to gener-
ate oligodendrocytes. While it has been argued thattripotential stem cells exist in vivo, even if they adopt
only two of their three potential fates in any given loca- some oligodendrocytes may derive from the dorsal spi-
nal cord in vivo (Cameron-Curry and Le Douarin, 1995),tion. However, this viewpoint obscures important differ-
ences in the competence of progenitor cells in different all oligodendrocytes require Olig1/2 function, and we
Figure 8. Schematic Summarizing Results
(A) Dorsal (Olig2; orange) and ventral
(Olig2; green) progenitors normally generate
neurons and astrocytes, or neurons and oli-
godendrocytes, respectively, in vivo (black
lettering). In culture, the induction and extinc-
tion of Olig2 expression by the progeny of
individual founder cells from these dorsal and
ventral regions, respectively, leads to compe-
tence to generate both classes of glia: oligo-
dendrocytes (in the case of Olig2 cells; blue)
and astrocytes (in the case of Olig2; red).
(B) FGF ventralizes dorsal progenitors via
both Shh-dependent and possibly Shh-inde-
pendent mechanisms. The Shh-independent
mechanism may involve an inhibition of Gli3




and others have not detected expression of Olig genes previously been reported to generate oligodendrocytes
after growth in EGF plus FGF-2 (Chandran et al., 1998),in the dorsal spinal cord at any stages thus far examined
but whether this reflected an influence of the growth(Lu et al., 2000; Zhou et al., 2000, 2001; Zhou and Ander-
factors per se, or simply time spent in culture, was notson, 2002). Conversely, the fact that Olig2 actively re-
investigated. We attempted to derive neurospheres frompresses astrocytic differentiation indicates that Olig2-
isolated Olig2-GFP and Olig2-GFP cells using EGFexpressing progenitors are not competent to generate
alone (Reynolds et al., 1992), but in neither case didastrocytes. Furthermore, fate-mapping data suggest
neurospheres form, consistent with the idea that embry-that Olig-expressing progenitors normally do not gener-
onic progenitors are responsive to FGF before they be-ate astrocytes in vivo (Lu et al., 2002; Zhou and Ander-
come responsive to EGF (Tropepe et al., 1999).son, 2002). The restricted expression of Olig2 within
The evidence that FGF induces ventralization via en-the ventricular zone of the embryonic CNS, therefore,
dogenous Shh is based on both the induction of Shhreveals important spatial differences in the develop-
mRNA and the ability of a specific small-molecule Shhmental competence and normal fates of different popu-
antagonist (Frank-Kamenetsky et al., 2002; Williams etlations of CNS progenitors in vivo that are not preserved
al., 2003) to attenuate the effect of FGF. However, theby the in vitro assays used to define, isolate, and quantify
fact that this antagonist only partially inhibited inductionthese cells.
of Olig2 raises the possibility that the growth factor mayOur results do not disprove the existence of cells
promote ventralization via Shh-independent mecha-that clonogenically generate neurons, astrocytes, and
nisms as well. Interestingly, recent data suggest thatoligodendrocytes in vivo. However, they do raise the
FGF-8 can ventralize the forebrain via a Shh-indepen-question of whether such cells normally exist, or whether
dent mechanism (Kuschel et al., 2003), consistent withthey are created by the assays used to identify them.
earlier studies suggesting the existence of a Shh-inde-Despite more than a decade of lineage-tracing experi-
pendent ventralization pathway in the telencephalonments in the CNS, there is no reported example of a single
(Rallu et al., 2002). Shh is known to promote ventraliza-progenitor cell that generates neurons, astrocytes, and
tion in part via reciprocal antagonistic interactions witholigodendrocytes in vivo (e.g., see Leber et al., 1990;
Gli3 (Litingtung and Chiang, 2000; Rallu et al., 2002).Luskin et al., 1993). Such cells may indeed exist, but
Perhaps FGFs can directly inhibit Gli3-mediated repres-may be too rare to be easily marked by most lineage-
sion (Figure 8B).tracing experiments, which are typically low yield. Alter-
If dorsal cells become ventralized in FGF-containingnatively, most if not all multipotent CNS progenitors
medium, why do some ventral cells extinguish Olig2may be bifatent in vivo, generating either neurons and
expression? We have investigated several possibleoligodendrocytes or neurons and astrocytes, depending
mechanisms that could account for this phenomenon,on whether or not they express Olig2. The highly re-
but the answer is not yet clear. The simplest explanationstricted spatial domains of Olig2 expression in the em-
is that the local concentrations of FGF-2 and/or Shh inbryonic CNS suggests that Olig2 and Olig2 progeni-
some regions within neurospheres might be below thetors may represent lineally distinct populations from the
threshold for Olig2 induction. Consistent with this, inearliest stages of neural plate formation. However, we
larger neurospheres, the center of the sphere often hascannot formally exclude that some progenitor cells or
fewer Olig2 cells. The fact that addition of the Shhtheir progeny switch between Olig2 and Olig2 states
antagonist caused a decrease in the proportion of Olig2in vivo.
cells within some neurospheres is further evidence that
levels of endogenous Shh are limiting for Olig2 expres-
FGF Ventralizes CNS Progenitor Cells sion in these cells. Alternatively, Olig2 expression is re-
High concentrations (10–20 ng/ml) of FGF-2 have been pressed by Hes genes (G. Choi, S.L., and D.J.A., unpub-
routinely used for years to expand CNS-SCs in serum- lished observations), and therefore Notch signaling
free media (Gensburger et al., 1986; Ray et al., 1993; within neurospheres (Chojnacki et al., 2003) could lead
Kilpatrick and Bartlett, 1995; Palmer et al., 1995; Gritti to sporadic extinction of Olig2. Further work will be re-
et al., 1996; Johe et al., 1996). The tacit assumption has quired to understand the mechanism of Olig2 extinction
been that this growth factor acts simply as a neutral within ventral neurospheres.
mitogen. Here we show that, contrary to this assump- While we have emphasized the finding that culture in
tion, spinal cord progenitor cells change their dorsoven- FGF causes a deregulation of dorsoventral identity, our
tral identity when cultured in FGF, even at concentra- results also suggest that some aspects of this identity
tions two orders of magnitude lower than those typically are maintained. Neurospheres derived from the Olig2
used to grow the cells (0.2 ng/ml). In the case of dorsally domain contain a much higher percentage of Olig2
derived cells, FGF causes an extinction of dorsal pro- cells than do neurospheres derived from dorsal, Olig2
genitor domain markers such as Pax3 and Pax7 and an domains. Furthermore, when these neurospheres are
induction of ventral markers such as Olig2 and Nkx2.2. passaged, these differences in the extent of Olig2 ex-
Our results suggest that this reflects, at least in part, an pression within spheres appear to be maintained (L.G.
action of FGF to induce expression of Shh; autocrine or and D.J.A., unpublished data). Thus, the cells appear to
paracrine Shh signaling within the cultures then ven- retain some heritable information of their original dorso-
tralizes the cells (Figure 8A). The production of oligoden- ventral position in the spinal cord. Analogously, neu-
drocytes by cortical (dorsal) progenitor cells in vitro has rospheres generated from different positions along the
previously been attributed to expression of endogenous anteroposterior axis retain expression of region-appro-
Shh, although these cultures were not expanded in FGF priate homeodomain transcription factors (Benveniste
et al., 2002). In the present case, the extinction of Class(Alberta et al., 2001). Dorsal spinal cord progenitors have
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I (dorsal) homeodomain transcription factors (such as understanding of the relationship of CNS patterning
mechanisms to stem cell biology.Pax3 and Pax7) in vitro indicates that the residual dorsal
identity of these cells must be regulated by other, as
Experimental Proceduresyet unidentified, mechanisms.
Isolation, FACS, and Culture of Neuroepithelial Cells
Spinal cords were dissected from E13.5 mouse or E14.5 rat spinalRole of Olig2 in the Oligodendrocyte versus
cord unless otherwise indicated (E14.5 in rat is an equivalent devel-Astrocyte Decision
opmental stage to E13.5 in mouse) and dissociated using PapainIn the absence of Olig2 function, oligodendrocyte pre-
(Worthington Cooper) or by trituration in calcium- and magnesium-
cursors generate astrocytes in vivo (Zhou and Anderson, free HBSS. After papain dissociation, mouse cells were sorted on
2002). The simplest formal genetic interpretation of this a FACS vantage dual laser flow cytometer (BD Bioscience) and
clonally distributed into individual wells of 96-well plates. To sortresult is that Olig2 normally represses the astrocyte fate.
for Pax3-Lacz-positive cells, the cells were loaded with fluoresceinHowever, the elimination of Olig2 also causes an earlier
di--D-galactoside (FGD; Molecular Probes) following osmotictransformation of the pMN domain to a p2 identity, as
shock (40 s at 37	C) according to the manufacturer’s instructions.evidenced by the ventral expansion of p2 markers such
Mouse cells were grown in DMEM/F12 (GIBCO) medium that con-
as Irx3 (Lu et al., 2002; Zhou and Anderson, 2002). Con- tained N2 and B27 supplements (GIBCO) plus bFGF (20 ng/ml), EGF
sequently, in Olig2 mutants, the erstwhile pMN domain (10 ng/ml), and 1 mM N-acetyl cysteine (Sigma) for 9–10 days to
allow generation of neurospheres. For subcloning, neurospheresgenerates p2-appropriate neuronal derivatives, i.e., V2
were dissociated by mechanical trituration, and the resulting cellsinterneurons (Briscoe et al., 2000). Since the p2 domain
were then allowed to proliferate in EGF- and FGF-containing me-appears to generate astrocytes at later stages (Pringle
dium. For whole-mount antibody staining, neurospheres were al-et al., 2003), the transformation of oligodendrocyte pre-
lowed to adhere to plastic culture plates coated with 0.5 mg/ml poly-
cursors to astrocytes could be viewed as a secondary D-lysine (Biomedical Technologies) and 1 
g/ml human fibronectin
consequence of the earlier pMN → p2 transformation in (Biomedical Technologies) for 1.5–2 hr and then fixed with 4% para-
formaldehyde (PFA) for 10 min before staining. To allow differentia-positional identity caused by the loss of Olig2 function
tion, the neurospheres were plated on culture plates coated with(Zhou and Anderson, 2002).
15
g/ml polyornithine (Sigma) and 2
g/ml laminin (BD Biosciences)The ability of Olig2 overexpression to repress Gfap
in medium lacking FGF and EGF for a period of 10 days. To stainexpression in cultures of CNS progenitors now provides
single cells within the neurospheres, neurospheres were dissociated
evidence that Olig2 functions as a repressor of astrocyte by incubation with trypsin-EDTA (GIBCO) for 10 min, immediately
differentiation, independent of its earlier function to es- followed by addition of trypsin inhibitors (Sigma) and mechanical
trituration. The dissociated cells were plated on poly-D-lysine-tablish pMN domain positional identity. The fact, more-
coated glass slides for 20 min, fixed with 4% PFA, and then stained.over, that this gain-of-function phenotype of Olig2 can-
Neurospheres were also grown in bulk cultures (at a density of 2 not be suppressed by coexpression of Irx3 (S.L. and
103 cells/ml) from cells derived from the dorsal half of E13.5 mouseD.J.A., unpublished data) further argues that the repres-
spinal cord. The affect of Shh agonist 188594 (50 nM; Curis) and
sion of astrocyte differentiation by Olig2 in these cul- Shh antagonist 199691 (5 nM; Curis) was tested on these cultures
tures is not due to repression of endogenous Irx3. Our by their addition either immediately or 5 days after the beginning
of the expansion phase. These cultures were terminated and as-results further indicate that Olig2 acts as a DNA binding,
sayed after 7 days.transcriptional repressor to inhibit Gfap expression. Pre-
Rat cells were cultured in a DMEM/F12 containing 1 mM N-acetylliminary results indicate that Olig2 represses transcrip-
cystiene (Sigma), plus N2 and B27 supplements (GIBCO). For sometion from a Gfap promoter-driven reporter plasmid (Sun
experiments, the medium was supplemented with EGF (20 ng/ml;
et al., 2001) in cotransfected progenitor cells (S.L. and R&D systems), bFGF (20 ng/ml unless otherwise indicated; R&D
D.J.A., unpublished data). Whether this reflects direct systems), ZVAD-FMK (20 
M; Promega), Shh agonist 188594 (50
nM; Curis), and Shh antagonist 199691 (5 nM; Curis). For adherentrepression of Gfap transcription by Olig2 or a more indi-
monolayer culture, cells were plated at a density of 2  104 cells/rect mechanism remains to be determined.
cm2 on tissue culture plastic coated with 15 
g/ml polyornithine
(Sigma) and 1 
g/ml human fibronectin (Biomedical Technologies).
Cells were allowed to attach for 3 hr in basal medium before remov-Neuron Subtype Identity in Differentiating
ing nonadherent cells and adding growth factors and phamacologi-CNS-SC Cultures
cal agents. The population that adhered to the dish after 3 hr wasIn this study we have focused on the glial subtype differ-
scored as the “starting population.” To assess the proportion of
entiation competence of CNS-SCs. A separate and proliferating cells, cultures were cultured with 2 
M BrdU (Sigma)
equally interesting issue not addressed here concerns and stained with a monoclonal antibody against BrdU (Caltag) after
treatment with 2N HCL. Cell death was detected by TUNEL assaythe neuron subtype competence of these cells. The neu-
using the cell death detection kit (Roche).rons that differentiated from Olig2 neurospheres did
not express motoneuron markers such as Hb9. How-
Transfection of Neuroepithelial Cellsever, these neurospheres are isolated from spinal cord
Cells were transfected with lipofectamine 2000 (Invitrogen) usingat stages when motoneurons are no longer being pro-
pCS2 or pcDNA plasmids containing full-length coding sequences
duced in vivo. The weak expression of our Olig2-hEGFP for mOlig1, mOlig2, or cOlig2; a cOlig2-DNA binding mutant (Zhou
reporter at earlier stages (L.G. and D.J.A., unpublished et al., 2001); activator or repressor forms of cOlig2 comprised of its
DNA binding domain fused to the activator domain of VP16 or thedata) precluded the isolation of Olig2 cells at times
repressor domain of Engrailed, respectively (Novitch et al., 2001);when motoneurons are normally generated. Future stud-
or a membrane bound version of GFP (E. Dormand and D.J.A.,ies of cells prospectively isolated from different spinal
unpublished data). Empty plasmid was added to bring the totalcord progenitor domains (Briscoe et al., 2000) at earlier,
concentration of DNA to 2 
g/ml where necessary. Transfection
neurogenic stages should reveal whether these progeni- was carried out on cells that had been expanded for 4–5 days in
tors generate the same restricted subtypes of neurons the presence of 20 ng/ml bFGF in order to suppress differentiation.
bFGF was withdrawn 24 hr posttransfection and replaced with me-in vitro as in vivo. Such studies may provide a clearer
Neuron
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dium as described above and supplemented with 2% FCS to allow Briscoe, J., Sussel, L., Serup, P., Hartigan-O’Connor, D., Jessell,
T.M., Rubenstein, J., and Ericson, J. (1999). Homeobox gene Nkx2.2rapid differentiation into astrocytes. Transfected cells were scored
on images captured with a Zeiss digital camera. A minimum of 250 and specification of neuronal identity by graded Sonic hedgehog
signalling. Nature 398, 622–627.transfected cells were scored in each of triplicate dishes for at least
three experiments. Briscoe, J., Pierani, A., Jessell, T.M., and Ericson, J. (2000). A homeo-
domain protein code specifies progenitor cell identity and neuronal
Immunocytochemistry fate in the ventral neural tube. Cell 101, 435–445.
Mouse neurospheres and dissociated cells were fixed for 10 min Cameron-Curry, P., and Le Douarin, N.M. (1995). Oligodendrocyte
in 4% PFA and primary antibodies were applied for 2 hr at room precursors originate from both the dorsal and ventral parts of the
temperature, followed by a 1 hr incubation with Alexa dye-conju- spinal cord. Neuron 15, 1299–1310.
gated secondary antibodies (Molecular Probes). Rat cells were fixed
Cepko, C.L., Austin, C.P., Yang, X., Alexiades, M., and Ezzeddine,for 30 min in 4% paraformaldehyde before immunostaining, with
D. (1996). Cell fate determination in the vertebrate retina. Proc. Natl.the exception of O4, GC, and NG2 immunostaining, which was car-
Acad. Sci. USA 93, 589–595.ried out on live cells. To-Pro-3 iodide (Molecular Probes) was used
Chandran, S., Svendsen, C., Compston, A., and Scolding, N. (1998).to detect nuclei in some of the experiments.
Regional potential for oligodendrocyte generation in the rodent em-Antibodies against the following antigens were used: Olig2 rabbit
bryonic spinal cord following exposure to EGF and FGF-2. Gliapolyclonal (Takebayashi et al., 2000), Olig guinea pig (gift of B.
24, 382–389.Novitch), O4 (DSHB), TUJ1 (Covance), GFAP (Chemicon), Sox10
(Zirlinger, 2002), Nestin (Chemicon), NG2 (Chemicon), GC (Chemi- Chojnacki, A., Shimazaki, T., Gregg, C., Weinmaster, G., and Weiss,
con), GFP (rabbit; Molecular Probes), GFP (mIgG2a; Molecular S. (2003). Glycoprotein 130 signaling regulates Notch1 expression
Probes). Antibodies against Nkx2.2, Nkx6.1, and Pax7 were gifts of and activation in the self-renewal of mammalian forebrain neural
T.M. Jessell. stem cells. J. Neurosci. 23, 1730–1741.
Davis, A., and Temple, S. (1994). A self-renewing multipotential stem
RT-PCR cell in embryonic rat cerebral cortex. Nature 372, 263–266.
Total RNA was isolated from mice and rat cultures using the RNeasy
Doetsch, F., Caille, I., Lim, D., Garcia-Verdugo, J., and Alvarez-system (QIAGEN) and reverse-transcribed with Superscript First-
Buylla, A. (1999). Subventricular zone astrocytes are neural stemStrand Synthesis System for RT-PCR (GIBCO-BRL). Shh, PTC, and
cells in the adult mammalian brain. Cell 97, 703–716.HPRT were amplified using the AmpliTaq DNA Polimerase (Applied
Doetsch, F., Petreanu, L., Caille, I., Garcia-Verdugo, J.M., and Alva-Biosystems) for 40 cycles and fractionated by electrophoresis.
rez-Buylla, A. (2002). EGF converts transit-amplifying neurogenicQuantification was performed on a MacIntosh computer using the
precursors in the adult brain into multipotent stem cells. Neuronpublic domain NIH Image program (developed at the U.S. National
36, 1021–1034.Institute of Health and available on the Internet at http://rsb.info.nih.
gov/nih-image/). Frank-Kamenetsky, M., Zhang, X.M., Bottega, S., Guicherit, O.M.,
Primers (F, forward; R, reverse): HPRT F, 5 CCT GCT GGA TTA Wichterle, H., Dudek, H., Bumcrot, D.A., Wang, F.Y., Jones, S., Shu-
CAT TAA AGC GCT G 3; HPRT R, 5 GTC AAG GGC ATA TCC AAC lok, J., et al. (2002). Small-molecule modulators of Hedgehog signal-
AAC AAA C 3; Rat SHH F, 5 ACT GCT CGA CCC TCA TAG TG 3; ing: identification and characterization of Smoothened agonists and
Rat SHH R, 5 GGC CGA TAT GAA GGG AAG AT 3; Rat PTC F, 5 antagonists. J. Biol. 1, 10.
CGG CCT CTC CTC ACA TTC CAC 3; Rat PTC R, 5 CAA TGG CTA Gage, F. (2000). Mammalian neural stem cells. Science 287, 1433–
CCC CTT CCT GTT CTG 3; Mouse Shh F, 5 ACT GCT CGA CCC 1438.
TCA TAG TG 3; Mouse Shh R, 5 GGC AGA TAT GAA GGG AAG
Gensburger, C., Labourdette, G., and Sensenbrenner, M. (1986).
AT 3; Mouse PTC F, 5 CAA TGG CTA CCC CTT CCT GTT CTG 3;
Effet du FGF basique sur la proliferation de neuroblastes de rat en
Mouse PTC-R, 5 CGG CCT CTC CTC ACA TTC CAC 3.
culture. Comptes Rendus de L’Academie des Sciences, Serie Iii.
Sciences de la Vie 303, 465–468.
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